Abstract. The present study assessed the effects of γ-aminobutyric acid (GABA) from β-cells on glucose levels and glucagon secretion, and identified channels via which glucagon secretion is initiated. An in vivo experiment was performed containing three groups: Intrapancreatic artery infusion of GABA alone, GABA plus insulin or insulin alone in rats with diabetes. Rats infused with GABA and insulin were also subdivided in groups receiving additional infusion of K + -channel activator diazoxide (DIA), K + -channel blocker tolbutamide (TLB) and calcium channel blocker nifedipine (NIF). In the hypoglycemic state, termination of infusion of insulin and insulin plus GABA resulted in signaling to the α-cells to secrete glycogen, while that of GABA alone did not. However, intrapancreatic artery infusion of K + -channel activator DIA, K + -channel blocker TLB or calcium channel blocker NIF in addition to GABA and insulin had no effect on glucagon secretion. In conclusion, if the delivery of insulin or GABA plus insulin in rats with hypoglycemia is terminated, β-cells are stimulated and signal the α-cells to secrete glucagon. Thus, the detection of a sudden decrease in zinc levels by β-cells as well as a decrease in GABA in the periportal circulation induces signaling to α-cells to stimulate them to secrete glucagon.
Introduction
Treatment for patients with type 1 or advanced type 2 diabetes by use of exogenous insulin places them at high risk for hypoglycemia. The physiological response to hypoglycemia involves multiple intrinsic defense mechanisms, which consists of input signals sent by the central nervous system and release of epinephrine, glucagon, cortisol and growth hormone. A chief mechanism among these is the increase in glucagon secretion. In patients with diabetes, the counter-regulatory glucagon response is severely compromised. Numerous in vitro and in vivo studies have proposed that insulin, Zn 2+ , γ-aminobutyric acid (GABA) and somatostatin exerts a paracrine control on glucagon secretion under certain conditions (1, 2) .
Within the islets, the regulation of glucagon secretion by glucose and paracrine factors (i.e., β-cell secretory products) is mediated by electrical machinery comprising a variety of ion channels that determine the depolarization or hyperpolarization of α-cells (3) . The intra-islet insulin hypothesis holds that upon decreasing insulin secretion by β-cells, they may send a signal to α-cells that contributes to the release of glucagon. Another hypothesis infers that glucagon secretion is inhibited by zinc ions due to their effects on adenosine triphosphate (ATP)-sensitive K + -channels of α-cells (4) . In vivo studies have demonstrated that if insulin or zinc ion infusion into the pancreatic artery is performed, while animals are made hypoglycemic by an insulin infusion through the jugular vein, following the end of the infusion glucagon secretion is stimulated in animals with diabetes, but not in animals without diabetes (4) (5) (6) .
GABA serves as an inhibitor in the central nervous system and at high concentration, it has a marked effect on the endocrine pancreas (7) (8) (9) . The former studies have verified that in animals with repeated hypoglycemia, impaired glucagon and epinephrine responses are associated with more GABAergic tone in the ventromedial hypothalamus. In previous studies, activation of the GABA A receptor (GABA A R) by alprazolam on day 1 blunted autonomic nervous system (ANS) and neuroendocrine responses; as a result GABA A R expression decreased on day 2. However, these results did not fully prove whether the prior activation had any negative impact on releasing glucagon (11, 12) . However, different findings were obtained in human patients, as the circulating levels of glucagon increased with oral GABA (13, 14) . By contrast, in isolated mouse islets cultured with 0 mmol/l glucose, exogenous GABA inhibited the secretion of glucagon (15) . However, limited data are available on the GABAergic tone within the islets from the hypoglycemic rats. Therefore, it has remained to be determined whether GABA from β-cells promotes the effects of glucose on glucagon secretion. In order to verify this hypothesis, the present study performed an in vivo experiment comprising three study groups: Intrapancreatic artery infusion of GABA alone, GABA plus insulin or insulin alone in Wistar rats with diabetes.
To investigate what channels are involved in the initiation of glucagon secretion following termination of insulin plus GABA infusion, the present study also performed diazoxide (DIA), tolbutamide (TLB) and nifedipine (NIF) intrapancreatic artery infusions plus GABA and insulin.
Materials and methods
Experimental animals. Approval of the animal experiments was obtained from the Animal Care and Use Committee of Nanjing Medical University (Nanjing, China). All procedures were performed with an approved Home Office project license and in accordance with the Animals (Scientific Procedures) Act 1986 (UK; amended 2013). All sections of the present study are in accordance with the Animal Research: Reporting Of In Vivo Experiments guidelines for reporting animal research.
A total of 30 male Wistar rats (weight, 350-400 g; age, 3-4 month old) were obtained from the animal center of Qing long Shan (Nanjing, China). Animals were housed at 23˚C with a 12-h light/dark cycle, a relative humidity of 40-70%, and were provided food and water ad libitum.
Diabetes was induced by intraperitoneal injection of 50 mg/kg streptozotocin (STZ; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) dissolved in sodium citrate buffer. At one and two days after injecting STZ, blood glucose was measured. The rats were identified as diabetic if the results of two sequential measurements were >350 mg/dl. The animals that had not become diabetic were injected with STZ for a second time. Animals were kept for 2 weeks until they weighed 300-350 g, so that they could be used for the experiments.
Glucagon response assessment. At 2 weeks after the establishment of diabetes by STZ injection, the rats were assessed for their complete ability to respond to hypoglycemia as in the very beginning. Diabetic rats were fasted overnight, anesthetized and given an insulin (Eli Lilly and Company, Indianapolis, IN, USA) infusion (0.5 units/ml at 50 µl/min) into the jugular vein so as to cause a hypoglycemic state. The dynamic data of blood glucose, C-peptide and glucagon were collected at the time-points of 0, 30, 60 and 90 min following termination of the infusion. Blood glucose levels were measured within 2 min of sample collection. Finally, the jugular catheter was removed and the incision was closed.
Surgical procedure. Isoflurane (2%) was used to anesthetize the non-fasted rats on the experimental day of the intrapancreatic artery infusions. The upper abdomen was opened through a 3 cm-long vertical incision commencing from the xiphoid process. A 25-gauge needle was used to puncture the isolated and ligated hepatic artery, into which a microcannula (0.008 mm inner diameter; Biotime, Inc., Alameda, CA, USA) was inserted in a higher position for retrograde conduction to the start of the pancreatic artery, which was ligated over the cannula. The location of the cannula tip was the bottom of the superior pancreatic duodenal artery, which carried the infusion fluid through the microcannula and had no negative impact on supplying blood from the celiac artery to the pancreatic artery. The right jugular vein was cannulated by heparin-filled (500 units/ml) polyethylene 50 tubing (BD Biosciences, Franklin Lakes, NJ, USA), which was placed superior to the vena cava. The function of the cannula was to help infuse intravenous insulin and collect blood samples. In order not let the opened abdomen dry out due to surgery, it was perfused with warm saline and the surface was covered in foil.
Once the defective glucagon response in the diabetic animals had been established, animals were considered to have finished the glucagon response assessment. After 2 weeks of recovery, the animals were anesthetized and rested for 30 min. In order to lower blood glucose to 100 mg/dl, insulin (0.5 units/ml at 50 units/min) was infused into the jugular vein. After this procedure, a basal blood sample was collected, followed by infusion of the following solutions into the superior pancreaticoduodenal artery: GABA (50 µmol/l), TLB (50 µmol/l), DIA (50 µmol/l), NIF (1 µmol/l) and insulin (1.5 units/ml). Glucagon levels in hypoglycemic rats were not significantly different in rats with zinc-free insulin infusion compared with rats without intrapancreatic artery infusion; therefore, the control group (n=5) was infused with zinc-free insulin infusion to explain the role of zinc. Then the animals were split into three groups and infused with GABA or Insulin or GABA and insulin (n=5/group). Following that another group of animals were split into three groups and infused with GABA, insulin and TLB or GABA or NIF (n=3/group). A total of 1 rat without intrapancreatic artery infusion was used as blank control rat as a reference for the control group. The standard of the concentrations of these solutions was set according to the studies of Franklin et al (16) and Mehanna (17) . Another blood sample was collected after 10 min. As soon as the blood glucose was decreased to <60 mg/dl, the infusions to the pancreatic artery were terminated and blood samples were collected at the time-points of 0, 15, 30, 60 and 90 min.
Assays. The aforementioned blood samples (0.3 ml from the jugular vein at each time points) were stored in 1,000 IU/ml Trasylol solution in heparin-coated ice-chilled tubes to prevent glucagon degradation. As for the measurement, the Roche Accucheck glucometer (Roche, Basel, Switzerland) was used to measure plasma glucose. Furthermore, rat C-peptide (cat.
no. K4757-100) and glucagon (cat. no. K4756-100) (both Biovision, Inc., Milpitas, CA, USA) enzyme immunoassay kits were used to measure plasma levels of glucagon and C-peptide.
Statistical analysis. Data were presented as mean ± standard and statistically analyzed using either an unpaired Student's t-test or a one-way analysis of variance with Dunn's post hoc test. These tests were conducted by GraphPad Prism analytical software (version 5; GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

GABA plus zinc-containing insulin stimulate α-cells to secrete glucagon in rats with hypoglycemia.
The results demonstrated that termination of infusion of zinc-free insulin into the pancreatic artery had no marked effect on glucagon levels in the blood of hypoglycemic rats (Fig. 1) . GABA infusion also had no marked effect on glucagon levels in the blood of hypoglycemic rats (Fig. 2) . Although glucagon levels in the insulin group peaked 15 min after infusion the overall level was lower that that of the GABA plus insulin group. Of note, termination of the GABA plus insulin infusion into the pancreatic artery promoted glucagon secretion in rats with hypoglycemia, which was more effective than termination of the infusion of insulin Infusion of insulin, GABA or GABA plus insulin. Blood glucose and glucagon levels of diabetic rats with hypoglycemia in three stages: Prior to, during and after intrapancreatic artery infusion of GABA (50 µmol/l), GABA (50 µmol/l) + insulin (1.5 U/ml) and insulin (1.5 U/ml) (n=5 per group). The time-point of termination of the infusions is set as 0 and is indicated by the vertical dashed line. In all stages, the nadirs of glucose were <60 mg/dl, while C-peptide was not responsive and difficult to detect. * P<0.05 vs. the GABA group. GABA, γ-aminobutyric acid.
alone (AUC=2,161±260 pg/ml in a 90 min time span; P<0.02; Figs. 2 and 3 ). In the GABA plus insulin group, a significant glucagon response (AUC=5,120±1395 pg/ml in a 90 min time span; P<0.02; Figs. 2 and 3 ) was observed compared with the GABA alone group (AUC=1,749±6.87 pg/ml in a 90 min time span; P<0.02; Figs. 2 and 3) . However, C-peptide levels did not respond to the termination of the pancreatic arterial infusions of zinc-free insulin or GABA and were hard to measure (results not shown).
Ion channel activator and blockers do not affect glucagon secretion when infused with GABA and insulin. Furthermore, DIA, TLB or NIF intrapancreatic artery infusions plus GABA and insulin had no significant effect on glucagon secretion (Fig. 4) . These results demonstrated that termination of delivery of insulin or GABA plus zinc-containing insulin, but not of GABA alone, induced β-cells to send a signal to the α-cells, which stimulated the latter to secrete glucagon in rats with hypoglycemia. Decrements of GABA plus zinc-containing insulin caused a greater activation signal than those of zinc-containing insulin or GABA alone.
Discussion
Various intra-islet insulin hypotheses suggested that glucagon secretion was suppressed by insulin from β-cells. On the contrary, in the hypoglycemic state, the marked attenuation of insulin results in signaling to α-cells to promote glucagon secretion (18) (19) (20) .
The present study aimed to assess whether GABA had any effect on the glucagon secretion after termination of its infusion with or without insulin. The in vivo experiment on Wistar rats with streptozotocin-induced diabetes demonstrated that in the hypoglycemic state, termination of infusion with zinc-containing insulin and zinc-containing insulin plus GABA but not GABA alone stimulated α-cells to secrete glucagon. Termination of infusion of GABA plus zinc-containing insulin resulted in a greater activation signal than that of zinc-containing insulin alone.
At the molecular level, insulin activates intra-islet insulin signaling involving the activation of the phosphoinositide-3 kinase/Akt signaling pathway, which induces subsequent phosphorylation of the β-subunit of GABA A R and the translocation of receptors from the intracellular pool to the plasma membrane. The resulting increase in the α-cell surface expression of GABA A Rs leads to α-cell membrane hyperpolarization and the suppression of glucagon secretion (21) . As GABA is constantly released from β-cells (22) , the increased number of GABA A Rs at the cell surface increases the efficacy of the receptor-mediated inhibitory currents (Cl2) and membrane hyperpolarization occurs. In turn, membrane hyperpolarization shuts down voltage-dependent Ca 2+ channels (23) , resulting in the inhibition of cell exocytosis and glucagon release. Göpel et al (24) demonstrated that in K + ATP channels, zinc activation occurred, which promoted β-cell hyperpolarization and had a negative impact on the influx of cytosolic Ca 2+ , which has an important role in secreting glucagon. Slucca et al (25) suggested that during hypoglycemia, β-cells actually stop releasing zinc-insulin. The lack of zinc effects the closure of α-cell K + ATP channels. This in turn leads to depolarization, which leads to the opening of the voltage-dependent calcium channels and entry of calcium, which causes glucagon exocytosis. It many therefore be inferred that upon the interaction of β-cells with insulin, they release GABA and Zn
2+
, respectively. Under hypoglycemia, β-cells cease to cause the release of zinc, which leads to closure of the α-cell K + ATP channels. Furthermore, a decrement in GABA secretion decreases the translocation of GABA A R to the plasma membrane, which then decreases the efficacy of receptor-mediated Cl2. As a result, the decrease of K + ATP and Cl -currents causes depolarization, leading to the opening of calcium channels to allow for calcium entry and glucagon exocytosis. The fact that GABA, independent of insulin, cannot have any insulin-like effects is well appreciated.
However, the finding of the present study that DIA, TLB or NIF infusions plus GABA and insulin had no effect on glucagon secretion cannot be explained. Thus, further study is required to elucidate the effects of K + -channel activator DIA, Figure 4 . DIA, TLB or NIF infusions. The concentration levels of blood glucose and glucagon of diabetic rats in hypoglycemia in three stages: Prior to, during and after intrapancreatic artery infusions of GABA (50 µmol/l) + insulin (1.5 U/ml) + TLB (50 µmol/l), GABA (50 µmol/l) + insulin (1.5 U/ml) + DIA (50 µmol/l), GABA (50 µmol/l) + insulin (1.5 U/ml) + NIF (1 µmol/l) (n=3 per group). The time-point of termination of the infusions is set as 0 and is indicated by the vertical dashed line. In all stages, the nadirs of glucose were <60 mg/dl, while C-peptide was not detectable. Glucagon levels of three groups were compared with the GABA group. GABA, γ-aminobutyric acid; DIA, diazoxide; TLB, tolbutamide; NIF, nifedipine.
K + -channel blocker TLB or calcium channel blocker NIF on the switch-off signal.
In conclusion, the present study suggested that during hypoglycemia, α-cells receiving a signal from β-cells secrete glucagon. Based on these findings, α-cell-produced glucagon was detected as a result of a sudden decrease in zinc-bearing insulin and GABA in the periportal circulation. The decrease of the concentration of zinc-containing insulin and GABA, but not insulin or GABA alone, may have reduced the K + ATP and Cl -currents, which may have resulted in depolarization and thus caused calcium entry and promoted glucagon secretion. The results of the present study may represent a promising approach for therapeutic applications. In the future, it will be helpful to modulate glucagon secretion to improve diabetic complications in patients.
